solution. Early studies have been done on the structural, optical and electronic properties of this material [16, 17] . More specifically, one of the key challenges for PECVD of SiC for MEMS and NEMS applications is achieving alow residual stress together, if possible, with a high deposition rate and good uniformity [16] , [18] [19] [20] .
Introduction
Silicon carbide (SiC) became an important material whose popularity has been constantly increasing in the last period due to its excellent mechanical, electrical, optical and chemical properties, which recommend it in difficult and demanding applications.
There are two main fields of applications of SiC. The first one is related to nano electronic [1] or even integrated circuits [2] which are using SiC (in monocrystalline or -sometimespolycrystalline form) as basic structural material for high frequency [3] , high power [4] , high voltages [5] , and/or high temperature devices [6] or combinations thereof [7] . In most of these applications, SiC act as are placement material for silicon which cannot be used under such extreme conditions. The second area of applications is related to sensors [8] and actuators, i.e. structures, devices, and/or Microsystems realized (or at least embedding some elements of) micro-and nano electro mechanical systems (MEMS & NEMS) . In this area, the usage of SiC (but mainly in polycrystalline and amorphous form) is mainly due to its compatibility and easy integrability with Si and Si-based microfabrication technology. In this direction, a lot of miniaturized devices, such as chemical sensors [9] , UV detectors [10] , MEMS devices [11] [12] [13] , and even NEMS [14] , are using SiC thin films or substrates (6H-SiC or 4H-SiC).
Polycrystalline-SiC (3C-SiC) thin films can be heteroepitaxially grown on Si substrates [14] due to the deposition temperature well below the Si melting point. [15] However, most of MEMS applications require thin films deposition methods at lower temperatures. This is necessary in order to ensure an overall low thermal budget for the entire fabrication of the SiC-based device(s), an essential prerequisite for postprocessing of MEMS structures on top of Si CMOS circuits, which ensures implementation of 'smart sensors'. Plasma enhanced chemical vapor deposition (PECVD) of SiC in an amorphouos state (α-SiC) can be such a • Stress control in a wide range (e.g. between −1200MPa and 400MPa [24] by tuning of deposition parameters [25] , doping [26] or annealing [27] .
• The ability of the fabricated device to operate at relatively high temperatures.
• Large mechanical strength of the deposited α-SiC layer.
• Wide bandgap for the deposited α-SiC layer, making it an almost ideal optoelectronic material, transparent for all visible wave lengths above 0.5µm and thus highly suitable for guiding light in the visible and infrared optical spectrum [28] .
• A refractive index greater than 2.5 (significantly larger than that of SiO 2 and even that that of Si 3 N 4 ) also make α-SiC an excellent candidate for optical waveguides [29] .
• Capability to deposit conformal layers [30] .
• The deposited α-SiC has a coefficient of thermal expansion (CTE) relatively similar with that of Si. This means that the risks of both developing very high internal stress within the film and, therefore, of subsequent delamination, are minimized [31] when the devices are operated even at high temperatures.
• The deposited α-SiC is highly suitable for applications requiring a high level of corrosion resistance and moderate operating temperatures (below 300 0 C) [32] .
This chapter will focus on the PECVD deposition of α-SiC layers for MEMS/NEMS applications. The chapter is organized in three major parts:
PECVD reactors
The deposition of α-SiC layers in a Plasma Enhanced Chemical Vapor Deposition (PECVD) reactor is facilitated by the plasma generated between two electrodes (radio frequency-RFor DC discharge) in the presence of reacting gases, the substrate being connected at one of these electrodes. There is a very large diversity of types of PECVD reactors on the market, either for industrial applications or specially designed for dedicated R&D. Usually the R&D equipments are more complex but also may allow much more of flexibility and degrees of freedom in controlling the deposition, thus enabling to obtain different layers with distinct properties using the same reactor.
The key elements in the selection of a PECVD reactor can be summarized as follows:
Deposition chamber. The operating temperature for most of the PECVD reactors is between 200-400°C. In order to achieve a uniform deposition special attention has to be paid to the inlet of the reactive gases, which can be of three types: several inlets around the bottom chuck (electrode), or one inlet through the top electrode, or multiple inlets (shower) from the top electrode. The last solution seems to ensure a better distribution of reactive gases between the working electrodes with positive effect on the film's uniformity. Meanwhile, preheating the gases (using a heated gas distribution system) before their actual introduction into the deposition chamber may also improve the deposition uniformity. Heating the deposition chamber itself (usuallyat 50-100°C) generates gradients of temperature that avoid particle deposition on the substrate during processing. Of course, adding all these elements into a standard system would finally be reflected in a higher cost of the tool.
Loadlock system. Two types of reactors can be distinguished, depending on whether a loading system is present or not: open systems (without lock load, i.e. relatively cheap reactors used only in research labs) and closed systems. The presence of a vacuumed loading system is also a critical element for good PECVD deposition, for a stable and repetitive process. There are two main aspects related to the presence of the load lock: one is related to safety while the other one is related tothe quality of the deposited layer. For the safety aspect, the presence of the loading system avoids the contact of the operator with the by-products resulted during processing, some of which are carcinogenic. As for the process quality, the fact that the chamber is kept permanently under vacuum results in excellent film quality with outstanding reproducibility.
Reconfiguration of the chamber. Cleaning of the chamber is also an important element in achieving good-quality layers. Most of the PECVD reactors also allow a "plasma cleaning" process, which is applied once a certain thickness of the deposited layer is achieved (usually 5-10µm). This cleaning process is designed to remove the products deposited on the chamber's walls or on electrodes, and it is performed mainly using CF 4 /O 2 or C 4 F 8 /O 2 as reactive gasses. The process is followed by a short pre-deposition of the material desired to be deposited in the reactor. Mechanical cleaning must be also performed periodically.
Gas precursors. The PECVD systems frequently used in R&D are equipped with a large number of inlets for the reactive gases. In most of the cases, the equipment is used for multiple depositions such as SiO 2 (doped and undoped), Si 3 N 4 , α-Si or even TEOS (using a special Liquid Delivery System -LDS). In our case, for the deposition of α-SiC layers, silane (SiH 4 ) and methane (CH 4 ) are the most often used gas precursors, although other precursors, e.g. methyltrichlorosilane (MTCS) [33] or SiH 4 /acetylene (C 2 H 2 ) [34] , were also studied.
Influence of the deposition parameters

Materials and Methods
This section describes the influence of the main deposition parameters on the film properties, being a practical guide of parameter selection for a desired characteristic of the deposited α-SiC thin film. The experiments were performed on 4 inch diameter, p type, 500µm-thick silicon wafers with a (100) crystallographic orientation. The wafers were initially cleaned in piranha (H 2 SO 4 :H 2 O 2 in the ratio of 2:1) at 120°C for 20 minutes and rinsed in DI water. The native silicon oxide layer was then removed by immersing the wafers in a classical BOE solution for 30 seconds. Stress measurement was performed using a KLA Tencor FLX-2320 system while the thickness and thickness uniformity of the thin filmswere measured with a refractometer (Filmetrics F50, USA). The deposition of the tested α-SiC layers was performed using a STS Multiplex Pro-CVD PECVD system described in detail elsewhere [35, 36] . This system enables two RF deposition modes: a low frequency (LF) mode at 380 kHz with a tuning power between 0 to 1 kW, and/or a high frequency (HF) mode at 13.56 MHz with a selected power in the range between 0 to 600 W. The depositions of the α-SiC layers were performed using pure SiH 4 (pure) and CH 4 as precursors, with Ar as an overall dilution gas.
Pressure
The α-SiC deposition's uniformity is strongly dependent on the pressure in the reactor chamber ( Fig. 1a ). Below 800mTorr, large non-uniformity values were observed, but the deposition uniformity linearly improved as the pressure was varied between 500 to 800mTorr, finally settling to a constant valueof the uniformities under 2% for all the pressures in the range 900 to 1400mTorr. The thickness uniformity's map presented a "donut" shape, which means that the gas molecules present a high velocity, increasing the deposition rate at the edge of the wafer.
Another important aspect of the pressure is its influence on the deposition rate ( Fig. 1b ): low pressures reduce the concentration of reactive species thus resulting in a low deposition rate, which increases quasi-linearly with pressure.
RF Power
Both the RF power and the power deposition mode are key parameters for tuning the optical and mechanical properties of the deposited PECVD α-SiC layer. A low value of the residual stress is required in MEMS applications where free standing structure is fabricated. Meanwhile, a high deposition rate is desired mainly in industrial applications. Fig. 2 illustrates the variation of the deposition rate and residual stress versus the RF power for the HF mode. The linear dependence of the deposition rate on the HF power noticed for power levels below 300W can be explained by the proportional increase in the dissociation of reactant gases with increasing the power. After a 'threshold' value (300W) the dissociation into reactive species is no longer a crucial factor as probably all reactive species are easily and fully dissociated, hence further increasing the power has little effect on the deposition rate. An interesting characteristic of PECVD α-SiC thin films deposited using the dual mode technique, particularly when compared to other PECVD deposition methods, is the very low value of the internal average stress, which can range between 50MPa and −70MPa. Fig. 2 shows the variation of this residual average with the RF power. Our results indicate that the average stress variation of a α-SiC film deposited in the HF deposition regime is not due to modifications of the film's chemical composition, but rather due to internal structural re-arrangement because the increasingly higher values of HF power quickly provide enough energy for the adsorbed species to migrate and find the more energetically favorable sites for the film growth to take place.
The refractive index was almost constant in the range between 2.5 and 2.6 while the uniformity of the deposition and uniformity of the refractive index was below 1.5%. The variation of the deposition rate and residual stress of PECVDα-SiC films deposited in LF mode are presented in Fig. 3 . The differences between HF mode and LF mode are quite evident if one compares the results shown in Fig. 3 with those shown in Fig. 2 . The deposition rate depends linearly with the LF power. However, for low values of LF power, the stress is highly compressive (even below −1200MPa) but quickly reduces to about −500MPa and remains almost constant at this value for any LF power above 300W. This variation can be explained by the densification of the layer determined by the increasingly more energetic ion bombardment with increasing the LF power, which characterizes the LF deposition mode. At high frequencies, only the electrons are able to follow the RF field while the ions cannot follow the instantaneous variations of the electric field due to their heavier mass. The cross over frequency at which the ions start following the electric field is between 1 and 5MHz depending upon the mass of the ions. Consequently, below 1MHz, the ion bombardment is significantly higher, which not only enhances chemical reactions but also densifies the film. However, the refractive index of α-SiC film decreases with the increasing the LF power (from 2.9 to 2.5). It can be concluded that, for a low value of the residual stress in the α-SiC layers, the HF deposition mode is more suitable. Meanwhile, the HF mode assures a better dissociation of the gasses that is reflected in a higher deposition rate.The deposition in LF mode is more suitable when PECVD α-SiC is used as masking layer or in applications for harsh environments (due to the densification of the layer).
Temperature
A very interesting characteristic of the PECVD α-SiC deposition in the LF mode and which can be useful in many applications is that the deposition rate as well as the residual stress do not present relevant variations as a function of temperature [37] . In contrast, in the HF mode, temperature has an important effect on the stress value, although the deposition rate is not much affected by temperature in HF mode as well [37] . As is depicted in Figure 4 , the internal average stress is compressive (around −110MPa) when the α-SiC layers are deposited at 200°C, but it becomes more and more tensile with increasing the deposition temperature,the stress (for temperature between 350 and 400°C). Most remarkable is the fact the stress is very low (around zero) when the deposition temperature is situated between 300 and 350°C.
The refractive index value remained almost constant at 2.6 for all the films deposited in the HF mode which proves that the stress variation is resulted from the film's structural re-arrangement, not from modifications of its chemical composition [37] . 
SiH 4 /CH 4 ratio
The influence of the SiH 4 /CH 4 gas flow ratio, illustrated in Fig. 5 , shows a linear dependence of the (compressive) residual stress on the SiH 4 /CH 4 ratio for depositions in the HF mode. As expected, increasing the SiH 4 content from 1:10 to 2:10 in the gas flow makes the deposited α-SiC film more "Si-rich" and at the same time decreases the magnitude of the compressive stress from about −70MPa to −20MPa, while at the same time the refractive index increases from 2.6 to 2.8. To conclude, an optimized process recipe for the deposition of a low stress α-SiC film using a STSP PECVD reactor has the following parameters: 
MEMS application of PECVD α-SiC layers
Patterning of SiC layers
Micro patterning of thin α-SiC film layer deposited in PECVD reactor is similar to the patterning of crystalline or polycrystalline SiC layers. The patterning can be done in Reactive Ion Etch-ing (RIE) or Inductive Coupled Plasma (ICP) deep RIE (DRIE) equipments by fluorine chemistry, i.e. using a fluorine-containing gas (CF 4 ,SF 6 or even CHF 3 ) and O 2 and using photoresist as masking layer. It must be mentioned that the selectivity of the etching process to Si (used as substrate), SiO 2 , or even to photoresist is not outstanding (ranging from 1.2 up to 0.5) [16] . Metal masking layers have thus been initially been choosen [38, 39] . However, metal masks cause a major problem, namely the micromasking effect: as dry etching progresses, metallic particles are extracted from the mask and re-deposited onto the film/substrate where they can continue to have a protective role, resulting in a very uneven and rough final surface. For instance, aNF 3 /O 2 chemistry was tested for etching a SiC layer [40] using to photoresist is mask, achieving etching rates of 0.135µm/min. Similarly, HBr/Cl 2 etching chemistries using SiO 2 etch masks have been developed [41] . This latter chemistry allowed a high selectivity (20:1) of etching SiC with respect to SiO 2 , but the price to pay was a very low etching rate (0.02µm/min 
PECVD α-SiC as masking layer
The intrinsic chemical inertness of SiC makes PECVD α-SiC an interesting candidate as masking layer for harsh wet and dry etching.
Masking layer for orientation dependent etching of Si in alkaline solutions
A low etching rate of 78nm/h of low stress PECVDα-SiC in a 30%KOH solution was reported [19, 24, 37] , while etching rates lower than 2nm/h in both 33%KOH at 85°C as well as in 25% TMAH are reported by Sarro in [16] . As expected, the etching rate depends on both the composition of the deposited α-SiC layer and its density. However, in general, the reported results are in the same range with the etch rate values of PECVD Si 3 N 4 (13 nm/h) in KOH 20% at 85°C [36] but much better than the etch rate of thermal SiO 2 (462 nm/h)in the same etchant [44] . As the reported etch rates of PECVD α-SiC have such relatively low values, we can conclude that PECVD α-SiC can be successfully used as a mask in silicon bulk micromachining processes. Furthermore, we have practically tested this hypothesis and demonstrated the feasibility of using PECVD α-SiC as masking layer, as is detailed in the next section.
Masking layer for etching in HF based solutions
Deep wet etching of glass is an important technology for microfluidic applications [45] . The main etchant for glass materials is highly concentrated HF [46] (sometimes with a small amount of HCl [47] or H 3 PO 4 added [48] ). PECVD α-SiC is almost an inert material in these solutions, exhibiting etching rates lower than 10Å/h [37] . Such an extremely low etching rate in highly concentrated HF solutions combined with the reduced value of the stress are the main request of a good masking layer for deep wet etching of glasses [46, [49] [50] [51] . In our tests, a compound masking multilayer 'sandwich' made to low stress α-Si/low stress α-SiC/photoresist seemed to be the best solution in terms of depth of the etch achieved without any damage of the mask (through-etching of 1 mm thick Pyrex glass wafers, equivalent of a 2.5 hour exposure to 49% HF). The experimental results of processing Pyrex glass wafers (Corning 7740) in such a manner are presented in Fig. 6 . It can be noticed that the mask is fully intact after the etching process while the shape of the etched hole describes a perfect isotropic process. The α-Si was used in this case as an adhesion layer. If only PECVD α-SiC is used as masking layer, a hugely isotropical etching process can still be observed [50] . 
Masking layer for dry release structure in XeF 2
Dry release in XeF 2 is an emerging technology in surface and bulk micromachining of MEMS free-standing structures. The PECVD α-SiC films present a low etching rate in XeF 2 gas (around 7 Å/min) which makes the α-SiC very suitable as a structural layer for any dryrelease processes using α-Si or polysilicon as a sacrificial layer. Fig. 7 presents SEM images with PECVD α-SiC cantilevers fabricated using dry released in XeF 2 [24] . Physics and Technology of Silicon Carbide Devices
Protective layer for harsh environment
PECVD α-SiC films are also very suitable for structures intended to operate in harsh environments, due to α-SiC 's large hardness (2.48kg/m 2 ) [52] , high fracture strength, high modulus [53] , excellent wear resistance [54] and chemical inertness in acid or based solutions, low oxidation rate and strong covalent Si-C bonds [52] . Early work proved the potential of PECVD α-SiC as a potential material for encapsulation of micromachined transducers due to its good resistance in a large range of media such as piranha solution, HF and KOH [55] .
The good mechanical strength and anti-stiction surface properties of PECVD α-SiC [56] as well as its inertness in corrosive environment recommends this material for diverse applications. An illustrating example is that of a 1µm-thick PECVD α-SiC combined together with Teflon like fluoro-polymer coatings to reduce the demolding energy by a factor of about 10, compared to a bare silicon mold [57] . In another similar application PECVD α-SiC was used for its hardness and for its good step-coverage (improving the wall roughness generated during the deep RIE process) while the Teflon layer acted as an anti-stiction layer [58] . Decreasing the demolding energy, in this application, is equivalent with the increasing of the life-time of the Si mold (used usually for rapid prototyping on hot embossing tools).
In another application [30] , a 1µm-thick PECVD α-SiC layer was used as an anti-erosion coating layer of a piezoresistive pressure sensor. In order to reduce the residual stress in the α-SiC protection layer (initially evaluated at −450MPa), annealing was performed at 450°C for 1h. The resulting stress value was of only +60MPa. The α-SiC protective layer also showed a good coverage of the Al metallization layer. The erosion testing was performed in 45%KOH solution at 80°C. The final PECVD α-SiC-coated pressure sensor showed a small decrease in sensitivity, but exhibited a high erosion resistance and less temperature dependence. A similar application was also reported [59] , in which low stress PECVD α-SiC layer was used for a capacitive pressure sensor fabricated using surface micromachining. Aluminum was used as material for electrodes while polyimide was selected as a sacrificial layer.
Fabrication of free standing structuresof PECVD α-SiC using to surface micromachining
The opportunity of using thick α-Si (amorphous silicon) layers [22] (up to 20µm thick, from our own experience) in surface micromachining gives rise to new processing opportunities, especially for microfluidic applications. The α-Si sacrificial layer can be easily removed by wet etching in an alkaline solution (TMAH or KOH) or by dry release in XeF 2. The PECVD α-SiC presents a high chemical inertness to all the etchants of the above mentioned processes, and, therefore, is a very attractive candidate as a structural layer for surface micromachining processes in which amorphous silicon is used as a sacrificial layer. An example of such a process used a 3µm-thick free standing structure fabricated from PECVD α-SiC on a glass substrate using 9 µm-thick PECVD α-Si as sacrificial layer [22] . The structure was released using wet etching in 30% KOH at 80°C. The structure (presented in Fig. 8) shows also that the PECVD deposition process ensured a very good step coverage, the thickness of the vertical wall being identical with that of the layer on the horizontal surfaces [22] . In another example of using PECVD α-SiC as structural material for surface micromachining, 1µmthick self-sustaining microbridges and microtunnels were fabricated from PECVD α-SiC films (deposited at 320°C using CH 4 and SiH 4 as reactive gases), using a SiO x N y film as a sacrificial layer [60] . In a similar manner, self-sustained grids have also been fabricated [61] . Figure 8 . SEM image of asuspended structure fabricated by surface micromachining using thick low-stress α-Si as sacrificial layer and PECVD α-SiC as a structural layer [22] .
PECVD α-SiC was used in shunt capacitor RF MEMS microbridge-based switches [23] . In this application 300 nm and 500 nm thick PECVD α-SiC films were used as structural layers, while 2µm-thick PECVD SiO 2 was used as a sacrificial layer. The structures were released in BOE, followed by CO 2 supercritical drying in order to eliminate anystiction possibility. Polyimide was the choice for the sacrificial layer in an application which also used PECVD α-SiC as structural layer [21] . The main advantage of using polyimide is the opportunity of using a dry release process (in O 2 plasma), thus more easily overcoming stiction problems often encountered in wet sacrificial etching technology than by using XeF 2 or CO 2 supercritical drying, solutions which require much more complex and expensive achiness.
Biological applications of PECVD α-SiC
MEMS materials are suitable for applications in cell culture and tissue engineering [62] . In this direction, a special attention is given to the layers achieved by PECVD deposition especially α-Si 3 N 4 [63] , [64] [65] [66] and α-SiC [37] . The main motivation in using these materials and PECVD as deposition method are related to:
1. Both α-Si 3 N 4 and α-SiC can be used for the fabrication of 2-3µm thick membranes using classical micromachining processes.
2.
PECVD deposition allows a good control of the residual stress in the layer, a critical aspect in achieving free standing structures.
3. Both α-Si 3 N 4 and α-SiC are optically transparent, so the classical inverted microscopes use in biology can be easily used to monitor bio-samples in structures realized with these materials, for example, in assays emplying red/green fluorescence.
4.
Using microfabrication, these membranes are attached to a supporting Si ring which makes the structure easy to be handle (comparing with polymeric membranes where no such rim support is present) [66] .
5.
Porous PECVD α-SiC and α-Si 3 N 4 membranes can be fabricated with a good control of the pore size and with a uniform distribution of the pores can be achieved.
6.
The commercially available and presently used polymeric membranes are hydrophobic materials, and metabolites (albumin, urea) are absorbed in this membrane with effect on cell viability.
7.
The thickness of polymeric porous membrane is usually ranging from tens to hundreds of microns. Consequently, the mass transfer of (bio) chemical substances across/through the membrane is strongly affected by the thickness of the membrane and its nature (hydrophilic/hydrophobic).
8.
The presence of functional groups, such as amine (-NH 2 ), and methyl (-CH 3 ), on the surface of α-Si 3 N 4 and α-SiC membranes can significantly enhance the cell adhesion on these materials.
9.
The α-SiC and α-Si 3 N 4 membranes can be easily cleaned: complete removal of all organic contaminants can be achieved in piranha solution, followed by subsequent rinsing, drying and if necessary even sterilization can also be performed, in order to ensure complete reusability. As an illustrative example, chips with 2.5µm-thick PECVD α-SiC membranes were fabricated by bulk micromachining in order to test the biocompatibility of the α-SiC [37] . Fibroblast NIH3T3 cells were used in this study as the model cell line. It was observed that the presence of CH 3 groups on the surface of the membranes improved the cell adhesion. Moreover, dipping for 1 minute in 40% NH 4 F, which was performed mainly to reduce the density of native silicon oxide groups on the α-SiC surface, also improved the adhesion of the cells on the membranes' surfaces. Fig. 9 shows cell culture images taken 24 hours and 48 hours after starting the culturing.
Concluding remarks
We can conclude that PECVD α-SiC is a very attractive and promising material. Its PECVD deposition enable low temperature processing and thus ensures compatibility with CMOS processing, which is essential when (bio) MEMS/NEMS structures need to be combined together with signal processing and data conditioning circuits, a sine qua non condition of realizing "smart sensors". Additionally, PECVD deposition enables the user to modify various deposition parameters (temperature, pressure, precursors gas flow ratios) which can allow the user to optimize -at least in principle-the desired film properties: chemical composition internal average stress and refractive index. However, in practice such multi-dimensional optimization may prove difficult to achieve, and the presence of some extra degrees of freedom is welcome. An example to the point is -in our case-the presence of dual LF and HF modes for the STS Multiplex Pro-CVD PECVD reactor, which provided valuable flexibility in usage and in varying independently various characteristics of the film (e.g. minimizing the stress) without compromising the others (e.g. the refractive index). In some cases, when such a machine is not available, some more maneuvering room is given by adding an anneal process, which always reduces (sometimes significantly) the film's stress.
Application-wise, the long list of extremely desirable properties exhibited by α-SiC (large hardness, high fracture strength, high modulus, excellent wear resistance, superb chemical inertness and excellent stability even at high temperatures and/or under corrosive conditions) ensure it can be used in a very large area of applications, particularly in harsh environments, where Si devices cannot be used. Moreover, the same properties recommend PECVD α-SiC as the material of choice for a large range of MEMS postprocessing fabrication techniques. Thus, it can be used as mold material (or mold-coating protective layer), masking material or active structural material in surface micromachining.
Finally, we should also highlight that α-SiC can has also been employed in bio-related applications. Our own tests have shown that PECVD α-SiC membranes fabricated by bulk micromachining can be used successfully in cell cultures. Here the intrinsic properties of α-SiC ensure very good chemical stability, possibility to easily functionalize the surface for, e.g., increased cell adhesion, and improved mechanical resistance and easy handling.
